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1. Introduction 


Today’s unsustainable use of fossil fuel reserves or green fuel is predicted to destabilize the 
global climate and lead to reduced food security. The key challenge for the coming decades 
are to meet local needs for food, in terms of both quantity and quality, while conserving 
natural resources and biodiversity (Ruane & Sonnino, 2011) and to develop a supply 
industry based on renewable plant-derived products. Indeed agricultural crops can be 
viewed as a source of or starting point for a plant based economy, potential input to a bio 
refinery in which all parts of the plant are processed and used to yield (i) food, both 
traditional and with enhanced nutritional safety, stability and processability; (ii) industrial 
products, including polymers, fibbers, industrial oils and packaging materials as well as 
basic chemical building blocks (green chemistry); (iii) fuels such as ethanol and biodiesel; 
(iv) molecules with pharmaceutical properties and health benefits. To reach these new 
agricultural perspectives, new varieties with the appropriate properties need to be selected 
(Tester & Langridge, 2010) through plant breeding, be it conventional, marker assisted, QTL 
mapping assisted, or genetically modified (GM) (Mittler & Blumwald, 2010). There are also 
growing demands for germplasm adapted to deal with changing climates and effective 
under a range of cultural practices and for foods with higher nutritional value. To decipher 
agronomical traits, functional genomics approaches can be of good use to understand 
physiological, molecular and genetic processes underlying complex traits. Appropriate 
functional genomics technologies such as transcriptomics, proteomics and metabolomics 
must be used together with detailed physiological and environmental information as a 
combined platform for ‘candidate’ gene identification or translational genomics approaches 
that aims to improve complex traits in plants (Sanchez et al., 2011). Without a 
comprehensive understanding of the plant physiology, molecular processes and genetics of 


www.intechopen.com 


214 Metabolomics 


the components of complex traits, the development of new varieties will remain an 
empirical yet uncertain procedure. This integration of functional genomics data can be 
viewed as the first step to systems and predictive biology serving agricultural perspectives. 


Among the ‘omics’ technologies, metabolomics is one of the more recently introduced. The 
term ‘metabolome’ coined in 1998 (Oliver et al., 1998) refers to the richly diverse population 
of small molecules present in biofluids, living cells or organisms. Overall, there are two 
approaches to analyse small molecules, and they differ in the number of compounds 
analysed, the level of structural information obtained, and their sensitivity. The most 
common approach, metabolite profiling, is the analysis of small numbers of known 
metabolites in specific compound classes (e.g. sugars, amino acids or phenolics). At the 
other extreme, metabolic fingerprinting detects many compounds but their structures are 
rarely identified. Today metabolomics methods typically allow measuring hundreds of 
compounds, with a small number being definitively identified, a larger number being 
identified as belonging to particular compound classes, and many remaining unidentified. 


Over the past decade, metabolomics has gone from being just a simple concept to becoming 
a rapidly growing discipline with valuable outputs in plant biology (Hall, 2006; Saito & 
Matsuda, 2010; Hall, 2011a; Shepherd et al., 2011). Metabolomics has played a key role in 
basic plant biology and started having a potentially broad field of applications. Plants 
produce an astonishing wealth of metabolites estimated to figures ranging from 200,000 to 
1,000,000 metabolites (Dixon & Strack, 2003; Saito & Matsuda, 2010). The first significant 
advances have been made in the area of analytical technology for metabolite identification 
in order to increase our capacity to simultaneously analyse a chemically diverse range of 
metabolites in complex mixtures. The metabolomics community has set up analytical 
platforms with complementary analytical technologies (Moing et al., 2011) after having 
realized that no single technology currently available (or likely in the close future) will be 
able to detect all compounds found in living cells. Today these analytical platforms provide 
a combination of multiple analytical techniques such as gas chromatography (GC), liquid 
chromatography (LC) or capillary electrophoresis (CE) coupled to mass spectrometry (MS), 
or nuclear magnetic resonance spectroscopy (NMR) and much more (Kim et al., 2011; Lei et 
al., 2011). 


Considering metabolomics as a combination of knowledge and know-how in 
biochemistry, signal processing, data and metadata handling, and data mining, the 
challenge remains to perform in a cohesive and coordinated manner these 
multidisciplinary approaches to solve biological questions (Ferry-Dumazet et al., 2011; 
Hall, 2011b). Recently, plant biologists have used metabolomics approaches to understand 
fundamental plant processes (Leiss et al., 2010; Sulpice et al., 2010), to make a link 
between genotype and biochemical phenotype and to study plant responses to biotic or 
abiotic stresses by combining genomics and biochemical phenotyping capabilities 
(Redestig & Costa, 2011; Villiers et al., 2011). While full genome sequence annotations of 
the major crops have been published, many post-genomic studies using metabolomics 
approaches have tried to bridge the phenotype-genotype gap in order to link gene to 
function (Smith & Bluhm, 2011). Such integrated approaches have been helpful in 
assigning functions to a large class of function-unknown genes and their interactions with 
other pathways and also useful in applications such as metabolic engineering (Liu et al., 
2009) and assessment of GM plants (Kusano et al., 2011b). 
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As part of a more recent emerging area, robust data generated from metabolomics can be 
combined with computationally-intensive approaches based on modelling of pathways to 
steer this field towards systems biology, which promises to provide an integrated view of 
cellular processes (Joyce & Palsson, 2006; Wang et al., 2006). Bringing metabolomics data 
into the forefront of system biology is a challenging opportunity that implies using 
quantitative metabolomics data in the context of models to improve our understanding of 
metabolism and drive the biological discovery process. So far, computational studies on 
metabolomics data have often been restricted to multivariate statistical analyses such as 
principal component analysis or PLS discriminant analysis to look at trends among different 
data sets. Such work has proven useful in discovering potential biomarkers of stress and 
identifying key metabolic difference in GM plants, but provides minimal insight into the 
underlying biology or the means to modulate it for agronomic or industrial purposes. Now 
researchers are rising to the challenge by using omics data integration and specially high- 
throughput metabolomics data within a constraint-based framework to address 
fundamental questions that would increase our understanding of systems as a whole. 


This article provides an overview of the technological trends in plant metabolomics to 
optimize the characterization of a large number of metabolites with accurate and absolute 
quantification in a few samples (concept of vertical high-throughput metabolomics) and 
present the needed technologies to increase the analysis capacity of samples for large-scale 
studies (concept of horizontal high-throughput metabolomics). This article also outlines 
how these technological developments in plant metabolomics can be used for systems 
biology, quantitative genetics and the emerging field of meta-phenomics to answer the key 
challenges of plant biology and agriculture in the future, and which technological and 
computational developments are necessary to meet these challenges. 


2. Technological trends in plant metabolomics 


For plant metabolomics, the analytical strategies reviewed a few years ago (Weckwerth, 
2007) are still widely used. Major improvements over the past five years have targeted 
spectra resolution and processing (http://www.metabolomicssociety.org/software.html), 
and the emergence of databases (http://www.metabolomicssociety.org/database.html). 
Thanks to technological and methodological progress, numbers of analytes and compound 
families that can be determined in a given sample are still increasing, but usually at the 
expense of the number of samples that can be analysed due to increasing costs and/or 
labour (Fig. 1). Conversely, novel experimental strategies produce increasing numbers of 
samples. Thus, not only the best compromise between analyte number (vertical high- 
throughput approach) and sample throughput (horizontal high-throughput approach) has 
to be found, but also synergisms between such approaches. 


2.1 Vertical approaches 


Vertical high-throughput approaches, also called high-density approaches, are defined as 
strategies that promote sample variables over sample numbers. They are especially 
interesting for studies in plants given their enormous metabolic diversity. In the plant 
kingdom, the species number is estimated between 270,000 (observed) and 400,000 and 
the number of metabolites produced between 200,000 and 1,000,000 (Dixon & Strack, 2003; 
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Saito & Matsuda, 2010). Even the number of primary metabolites, defined as the type of 
compounds synthesized by all or most plant species, may exceed the number of 
compounds found in other eukaryotes since plants are true autotrophs (Pichersky & 
Lewinsohn, 2011). In addition, different plant lineages synthesize distinct sets of 
“specialized metabolites”, often mis-named “secondary metabolites” (Pichersky & 
Lewinsohn, 2011), with Arabidopsis thaliana estimated to make up to 3,500 of such 
specialized metabolites. Capturing such diversity is one of the challenges for plant 
metabolomics compared to animal metabolomics, which has to deal with ‘only’ 5,000 to 
25,000 different metabolites (Trethewey, 2004). However, the consumption of plant- 
derived food is known to lead to a strong increase in metabolite diversity in animal or 
human derived samples, e.g. blood or urine. This implies that plant and nutrition 
scientists face a similar challenge. Indeed, specific plant metabolites are attracting 
attention due to their role/impact on health and nutrition. Vertical metabolomics mainly 
relies on sophisticated instrumentation such as NMR and MS, with or without 
hyphenation of chromatography or capillary electrophoresis (LC-NMR, LC-SPE-NMR, 
LC-MS, GC- MS, GC- SPE-MS, CE-MS, Fourier Transform-MS (FT-MS), Table 1). 


Analyte number 
LC-UHR-MS 


LC-MS 


GC-MS of volatiles 


High cost per sample 
Sample number << variable number 
Selection of analytes for horizontal phenotyping 


1H-NMR / GC-MS after derivatization / CE 


Vertical high-throughput 
Untargeted — ‘unbiased’ 


LC-MS/MS 


Microplate 


Sample number 


Horizontal high-throughput 
Targeted — ‘biased’ 
Low cost per sample 
Sample number >> variable number 
Selection of samples for vertical phenotyping 


Fig. 1. Complementarities of high-throughput vertical and horizontal biochemical 
phenotyping. Costs and/or labour requirements are considered similar for each technology. 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 


217 


Metabolite classes 


Typical metabolites 


Instruments 


Amino acids and 
their derivatives 


Amines 


Organic acids in 
central metabolism 


Amino acids, beta-alanine, GABA, 
oxoproline 


Polyamines (putrescine, spermine, 
spermidine) 
Betaines, choline 


TCA cycle intermediates 


CE-MS, GC-MS (after 
derivatization), LC-MS, NMR 


CE-MS, GC-MS, NMR 


NMR, LC-MS 


CE-MS, GC-MS (after 
derivatization), NMR, LC-MS 
(partially) 


Other organic acids 


Sugars and their 


Quinic acid, shikimic acid 


Mono-, di- and trisaccharides, 


NMR, LC-MS, 
GC-MS (after derivatization), CE- 
MS 


GC-MS (after derivatization), CE- 


derivatives sugar alcohols, sugar mono- and_ MS (sugar phosphates), CE-PDA 
diphosphates (partially), NMR 
Phytic acid NMR, LC-MS 
Alkaloids Polar alkaloids (e.g. pyrrolizidine LC-MS, NMR 
alkaloids) 
Fatty acids and their Saturated and unsaturated GC-MS (after derivatization) 
derivatives aliphatic monocarboxylic acids 
and their derivatives 
Polar lipids Phospholipids, mono-, di-, and LC-MS 
triacylglycerols 
Isoprenoids Terpenoids and their derivatives GC-MS (non-polar), LC-MS (polar) 


Nucleic acids and 
their derivatives 


Purines, pyrimidines, mono-, di-, 
and triphosphate nucleosides 


CE-MS, GC-MS (partially), NMR 


Pigments Carotenoids, chlorophylls, LC-PDA, LC-MS 
anthocyanins 
Volatiles Phenylpropanoid volatiles, GC-MS, GCxGC-MS 
aliphatic alcohols, aldehydes, 
ketones 
Other specialized Polar phenylpropanoids (e.g. LC-MS, LC-(SPE)-NMR, NMR 
metabolites chlorogenic acids), flavonols 


Phytohormones (e.g. auxins) 


LC-MS 


Table 1. A selection of examples of plant primary and specialized metabolites detected by a 
variety of analytical techniques. Adapted from (Kusano et al., 2011a). PDA, photodiode array 
detection; GABA, gamma-aminobutyrate; TCA, tricarboxylic acid cycle; SPE: solid-phase 
extraction. See (Saito & Matsuda, 2010) to have an overview of plant metabolomics pipelines. 
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Vertical approaches have to deal with a wide variety of chemical structures, which implies 
wide ranges of solubility, polarity and stability, as well as a high dynamic range of 
metabolite concentrations (>1012, (Sumner, 2010); 106, (Saito & Matsuda, 2010)). In addition, 
plant metabolites are usually extracted with sometimes sophisticated protocols including 
steps like heating or fractionation that may lead to losing or modifying metabolites, but also 
promote the synthesis or import of chemical artefacts. This is why the term analyte, which 
might be a metabolite or an artefact, is preferred. For example, during the derivatization 
process, which is required for non-volatile compounds when performing GC-MS, a single 
metabolite may produce multiple derivatives leading to different peaks. Similarly, adducts 
and product ions are formed during the desolvation step following the ionization process in 
LC-MS analyses (Werner et al., 2008). To cover the wide range of chemical diversity and 
concentrations of plant metabolites, careful experimental design is definitely required, 
including special care for harvest (Ernst, 1995), several extraction protocols and multi- 
analytical platforms (see (Ryan & Robards, 2006; Allwood et al., 2011) and Tables 1-2). 


Plant Species Analytical instruments References 
Arabidopsis NMR, GC-MS, CE-MS, LC-MS, (Beale & Sussman, 2011) 
DI-FT-MS review 
Aspen GC-MS (Bylesjo et al., 2009) 
Broccoli NMR (Ward et al., 2010) 
Grape GC-MS (Deluc et al., 2007) 
NMR (Mulas et al., 2011) 
Tomato NMR, GC-FID, LC-MS (Mounet et al., 2009) 
NMR, GC-MS, LC-MS, LC-FT-MS (de Vos et al., 2011) review 
HRMAS-NMR (Sanchez-Perez et al., 2010) 
GC-MS, LC-MS, CE-MS (Kusano et al., 2011b) 
Maize NMR (Cossegal et al., 2008; Broyart 
et al., 2010) 
GC-MS (Skogerson et al., 2010) 
Medicago LC-MS (Farag et al., 2008) 
Melon NMR, GC-MS, LC-MS (Moing et al., 2011) 
Palm trees NMR, GC-FID (Bourgis et al., 2011) 
Potato GC-MS (Urbanczyk-Wochniak et al., 
2005) 
Strawberry LC-MS, DI-MS (McDougall et al., 2008) 
GC-MS, LC-MS (Fait et al., 2008) 
Rice GC-MS, CE-MS, CE-DAD, FT-MS (Oikawa et al., 2008) 
Vanilla NMR (Palama et al., 2009) 
Medicinal species | NMR, LC-MS, GC-MS, HPLC (Okada et al., 2010) 


Table 2. Representative examples of model-, crop- and medicinal-plant metabolomics 
studies using different analytical platforms. DI : Direct Infusion. FID, Flame Ionization 
Detection. HRMAS-NMR: High resolution Magic-Angle Spinning NMR. ICR: Ion Cyclotron 
Resonance. 
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Currently the number of quantified analytes in a given sample and in one shot is 
approximately 50 with proton NMR, 100-200 with GC-MS, >1000 with LC-High-Resolution- 
MS (LC-HR-MS). This expansion of scale has been made possible through improved 
analytical capabilities, dissemination of routine procedures between laboratories, but also 
implementation of dedicated statistical and data mining strategies. However, a large 
proportion of the analytes detected in plant extracts cannot be annotated and identified 
based on chemical shift and multiplicity for NMR analysis, or on elemental formula (based 
on m/z ratio and isotopic ratio) and chromatographic retention time for GC- or LC-MS 
analysis, alone. Hence metabolite identification, which uses a variety of analytical 
techniques along with analyte/metabolite databases, remains difficult (Moco et al., 2007). 
Achieving standardization for naming compounds at the plant metabolomics community 
level is also an important issue, as it will enable researchers to share knowledge and speed 
up metabolite identification (Saito & Matsuda, 2010; Kim et al., 2011). Another challenge is 
the development of chimiotheques, where trusted reference compounds would be available 
for the community to validate analyte identifications, for example via spiking experiments. 


2.1.1 Optimization and combination of the different current techniques 


As already mentioned (see Tables 1-2), a combination of different current techniques is 
needed to cover the wide diversity of metabolites found in plants. Thus, a combination of 
different MS technologies is helpful for identification purpose. Among HR-MS technologies, 
LC- Time-Of-Flight (TOF) (resolution of 8,000-20,000, accuracy 1-5 ppm), Orbitrap® 
(resolution of 100,000, accuracy< 1 ppm) and FT-ICR-MS (resolution> 100,000, accuracy< 1 
ppm) are currently the most powerful ultra-high resolution (UHR) mass spectrometers. 
They provide molecular formula information, thus offering great possibilities in terms of 
metabolite identification (see (Werner et al., 2008) for the strategy, pitfalls and bottleneck of 
metabolite identification). Nevertheless, the poor reproducibility and fragmentation 
variability between instruments from the same brand require a home-made metabolite 
database for each instrument. In addition it should be kept in mind that plant extracts 
contain many isomers, i.e. with identical elemental compositions and accurate masses. UHR- 
MS analysis of a selection of extracts may help to identify marker-metabolites revealed using 
HR-MS on a larger range of samples. Besides, multidimensional separation techniques have 
emerged in order to enhance metabolite coverage in the GC-MS (Gaquerel et al., 2009; 
Allwood et al., 2011) and LC-MS (Lei et al., 2011) fields. Further methodologies such as Ion 
Mobility MS (Dwivedi et al., 2008), which have not been tested in plants so far, might also 
prove useful. Anyway, processing and integrating data still remain the major bottlenecks 
and thus the most labour intensive steps for all these different analytical platforms. 
Developments are nevertheless underway to automate them (see (Redestig et al., 2010) for 
MS and hyphenated technologies). 


2.1.2 From relative to absolute quantification of biological variability 


Whereas the “convenient” relative quantification is often used in MS studies, absolute 
quantification will be increasingly required. For example, various modelling approaches 
require precise concentrations of metabolites. Furthermore, the sharing and integration of data 
obtained on different analytical platforms will be greatly facilitated if expressed as absolute 
quantities. To face the challenge of quantification, in GC-MS and LC-ESI-MS impaired by ion 
suppression or enhancement and matrix effects, a solution is to use stable-isotopomers of 
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target metabolites or to run whole 18C metabolome isotope labelling (Feldberg et al., 2009; 
Giavalisco et al., 2009). However, even with a stable isotope the matrix effects may impair the 
quantification (Jemal et al., 2003) and few isotopically-labelled metabolites are currently 
commercially available (Lei et al., 2011). In contrast to MS-based technologies, NMR, although 
less sensitive, provides ease of quantitation since the resonance intensity is only determined by 
the molar concentration, and high reproducibility (Ward et al., 2010; Kim et al., 2011). 


Surprinsingly, a unique extraction protocol (sometimes one-step protocol) is typically used for a 
given analytical technique, regardless of the vast variety of plant matrices (plant species, organs 
and tissues). Very few metabolomic publications are prolix on extraction recovery and stability. 
Running blanks (solvent blank and extraction blank) in the same conditions as the biological 
samples is also important, as it is needed to identify impurities originating from solvents (Kaiser 
et al., 2009) or consumables (i.e., phthalates from plastic ware) (Allwood et al., 2011; Weckwerth, 
2011). Although metabolomics is by definition an untargeted approach, highly selective 
extraction protocols along with targeted analysis should not be forgotten, especially to reach 
high and reproducible extraction recovery as well as quantification accuracy (Sawada et al., 
2009). Then, replication is required to achieve statistical reliability. Biological replicates should 
be preferred to technological replicates assuming biological variance almost always exceeds 
analytical variance (Shintu et al., 2009). Five biological replicates of five pooled-tissue samples 
or of five individuals and two to three technological replicates are recommended in plant 
metabolomics to get statistically reliable information (Tikunov et al., 2007). Quality control 
samples should also be run (Fiehn et al., 2008; Allwood et al., 2011). 


2.2 Horizontal approaches 


Horizontal approaches are defined as strategies that promote sample number over number 
of variables being measured. Mutant screens and quantitative genetics are typical examples 
requiring horizontal high-throughput, as they typically involve experiments with hundreds 
to thousands of samples. Targeted assays are usually preferred due to their low needs in 
terms of labour and/or costs, although several untargeted strategies such as bucketing and 
fingerprinting are also amenable to very high numbers of samples. While the processing of 
raw data still represents the slowest step in vertical strategies, the toughest bottleneck in 
horizontal high-throughput approaches is probably sample logistics. 


2.2.1 Sample logistics 


In large scale experiments, harvesting, grinding and weighing become extremely work 
intensive (>75% of the time), especially when samples need to be kept at very low 
temperatures to avoid alteration of their biochemical composition. Due to the highly 
dynamic nature of the metabolome, harvesting and quenching of samples into liquid 
nitrogen should also be achieved as quickly as possible (Ap Rees et al., 1977). Unfortunately, 
fast solutions are very limited (e.g. leaf punchers), and thus recruiting as many as possible 
helpers probably remains the best way to achieve a reliable large-scale harvest. Sample 
storage may also become problematic when sample turnover dramatically increases. A good 
way to avoid losses of samples and overfilling of -80°C freezers is to use software enabling 
sample management. Although costly, available automated storage solutions may also 
dramatically improve the handling of samples. 
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Most analytical technologies require sample grinding prior to extraction and analysis. Mills 
enabling the parallel grinding of large numbers of samples (e.g., 192 samples) are now 
available at affordable prices. However, they usually do not allow multiparallel grinding of 
samples of large size, suggesting that further developments are needed to enable large-scale 
studies with organs such as fruits or ears and with most crops. Last but not least, the 
weighing of aliquots is a tedious task, especially when the material needs to be kept at very 
low temperature. A robot combining grinding and weighing of up to 96 samples has been 
developed recently (http://www.labman.co.uk), opening the way for unprecedented 
horizontal high-throughput. 


2.2.2 Microplate technology 


The first microplate was fabricated in 1951 by the Hungarian Gyula Takatsky (Takatsy, 
1955). It was made of 72 wells machined in a polymethyl methacrylate block and was used 
to speed up serial dilutions. This invention was driven by the need for a fast and reliable 
diagnostic for influenza, as Hungary was facing a major epidemic at that time. Sixty years 
later, the microplate format has driven the development of a huge diversity of labware and 
equipment, and hundreds of millions of microplates are sold every year. Sample storage, 
extractions and dilutions can be achieved in microplates, which remain the fastest and 
cheapest solution to process large numbers of samples in parallel. The quantification of 
various metabolites can be achieved in microplates via chemical or enzymatic reactions 
yielding products that can be quantified in a wide range of dedicated readers. The most 
common and cheapest readers are filter-based UV-visible spectrophotometers. They enable 
the quantification of a wide range of metabolites, including major sugars, organic acids and 
amino acids using endpoint methods (Bergmeyer, 1983, 1985, 1987), and metabolic 
intermediates that are present at much lower concentrations using kinetic assays (Gibon et 
al., 2002). Fluorimetry (Hausler et al., 2000) and luminometry (Roda et al., 2004) also provide 
high sensitivity and benefit from many commercially available fluorigenic substrates. Their 
use is nevertheless restricted in plants, due to the quenching of the emitted light that occurs 
in the presence of e.g. polyphenols that are usually present in plant extracts. 


Throughput on microplates can be dramatically increased by using pipetting robots, which 
can handle up to 1536 samples in parallel and down to the nanoliter scale, depending on the 
brand. Thus, using one 96-head robot equipped with microplate handling and a series of 
microplate readers, a single person can run the determination of a given metabolite in 
thousands of samples per week. Increasing the number of analytes would nevertheless 
result in a decrease in sample throughput, roughly by a factor 2 at each supplemental 
analyte. It is estimated that at equal costs, such an approach might be of advantage for 10 to 
20 analytes over other targeted technologies such as LC-MS/MS, which have already 
proven efficient for the capture of relatively large numbers of metabolites from the same 
class at high-throughput (Rashed et al., 1997) and 2.2.3 Section below. Microplates of 
increasing density formats (up to 9600 wells per plate) have been released to increase the 
overall throughput of analyses and decrease the costs per assay. Such miniaturisation 
nevertheless faces physical constraints of delivering very small volumes to wells and of 
detecting responses in a manner that is both sensitive and rapid (Battersby & Trau, 2002). 
The use of volumes in the nanoliter range is also limited by quick evaporation of the solvent 
used for analysis. A further drawback is high costs in terms of equipment (e.g., pipetting 
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robots and readers able to handle high density plates), which implies that very high 
numbers of samples will have to be processed before decreasing costs per assay. These 
limitations probably explain why the use of high density microplates has not been adopted 
by a wide research community so far. 


2.2.3 Targeted MS technologies: Quantification of selected biochemical markers 
using LC-MS 


Targeted analysis for small molecules using MS may use different technologies: GC-MS 
(Koek et al., 2011) , CE-MS (Ramautar et al., 2011), LC-MS and more recently MALDI-MS 
(Shroff et al., 2009). Here only LC-MS will be dealt with. LC-MS technology has been used 
for quantification long before the ages of the "omics". Despite its high-skilled technical need 
and its expensive cost, it has gained popularity in the metabolomics field. Triple 
quadrupoles analyzers (TQMS) are the workhorse of LC-MS quantification. They are mostly 
operated in multiple reaction monitoring (MRM) mode to achieve high selectivity and 
sensitivity. A new promising approach is the use of high resolution extracted ion 
chromatograms from full scans of high resolution instruments (Lu et al., 2008). Main 
advantages over MRM are the virtually unlimited number of monitored compounds and the 
possibility to reanalyze data after acquisition by extracting ion chromatograms 
corresponding to new compounds of interest. 


Calibration of these methods involves most of the time internal calibration, with or without 
use of stable isotope analogs (Ciccimaro & Blair, 2010). For instance, quantification of amino 
acids by LC-MS (MRM) in barley was calibrated using d2-Phe as an internal standard. The 
interday precision of the method ranged from 3.7 to 9.4 % RSD, depending on the amino- 
acid (Thiele et al., 2008). However an isotopic dilution calibration is not always possible due 
to the lack of the corresponding labelled metabolite or its cost. These targeted LC-MS 
methods must undergo a complete method validation. They need fast separation, high 
selectivity, linearity range and limits of quantification in agreement with the metabolite 
level. For methods involving atmospheric pressure ionization, a careful evaluation of matrix 
effect on quantification and its minimization should be addressed (Trufelli et al., 2011). 
Moreover, to be relevant, these methods must obviously be applied after an exhaustive 
extraction evaluated by recovery procedures. 


Targeted approaches have been applied in functional genomics. A "widely targeted" 
metabolomics approach based on LC-MS (MRM) has been proposed (Sawada et al., 2009). It 
consisted in repeated UPLC-TQMS analyses performed on a same sample. Each 3 min 
analytical run allowed simultaneous detection of 5 compounds. Expected throughput was 
estimated 1,000 biological samples per week for quantification of about 500 metabolites. This 
methodology was later applied on mature seeds of 2656 mutants and 225 Arabidopsis 
accessions for 17 amino-acids, 18 glucosinolate derivatives and one flavonoid, leading to 
characterization of amino-acids hyper-accumulating genotypes (Hirai et al., 2010). They 
have also been applied in phytochemistry and phytomedicine. For instance, Chinese 
medicinal herbs were tested for two secondary metabolites inducing nephrotoxicity. The 
UPLC-MS (MRM) run was 5 min and was amenable for high-throughput analyses (Jacob et 
al., 2007) This method was however impaired by a strong matrix effect that could not be 
prevented and another approach was preferred. At last, these techniques have been also 
shown to be a must for some classes of compounds such as hormones (Kojima et al., 2009), 
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intermediates of central metabolism (Arrivault et al., 2009) and pesticides (Kmellar et al., 
2010). In fact, they provide together the appropriate selectivity, sensitivity and throughput. 


2.2.4 Further technologies 


Other technologies involve miniaturization of the separation step used prior to detection. A 
key step in miniaturization and automation of chromatography is the development of 
microfluidic systems, which process or manipulate very small volumes (down to 10-18 L) 
using channels of micrometre dimensions (Whitesides, 2006). The fact that factors such as 
surface tension and viscosity are getting very different in such systems brings many new 
possibilities to control concentrations and behaviours of molecules, particles or even cells 
(Nagrath et al., 2007) in space and time. Thus, the performance of soft lithography on e.g. 
poly(dimethylsiloxane) (McDonald et al., 2000) or polypropylene (Vengasandra et al., 2010) 
enables the design of reservoirs, channels, valves, and reaction chambers that can be used to 
separate and transform a wide range of molecules. Combined to detection systems such as 
laser induced fluorescence (Jiang et al., 2000), infrared spectroscopy (Shaw et al., 2009) or 
electrochemical electrodes (Eklund et al., 2006), they are well suited for massively parallel 
assays and provide the advantage of using very small amounts of reagents and samples. 
Further advantages are high resolution and sensitivity as well as fast analysis. 


The use of microfluidic systems for metabolite analysis has just begun. Whereas applications 
targeting one molecule, e.g. glucose (Atalay et al., 2009), have been developed, the possibility 
to separate molecules has already enabled the profiling of classes of metabolites such as 
glucosinolates (Fouad et al., 2008) or flavonoids (Hompesch et al., 2005). Furthermore, the ease 
of creating systems able to distribute fluids into multiple channels enables the performance of 
several assays in parallel (Moser et al., 2002), or even n-multidimensional separations (Tomas 
et al, 2008) that would eventually be coupled to various detection devices, opening 
unprecedented possibilities for targeted and untargeted metabolomics. 


Unfortunately, microfluidics have not yet benefited from standardisation, which hampers 
their adoption by a wide research community. Besides involving complex designs and 
fabrication techniques prohibiting widespread use due to cost and/or time for production, 
microfluidic systems may require unfamiliar laboratory habits. Therefore, one logical next 
step is the integration with the standardized microplate layout, thus taking advantage of the 
extensive work of the lab automation community (Choi & Cunningham, 2007; Halpin & 
Spence, 2010). Strikingly, such integration might ultimately result in methodologies 
enabling high density analyses on very large numbers of samples, thus breaking the 
relationship depicted in Figure 1. Finally, microfluidics and more generally 
nanotechnologies have almost certainly much more to offer, as future developments could 
for example lead to portable systems that would allow metabolite profiling directly in the 
field, thus shortcutting sample handling, or even to chips embarked on growing plants that 
would be able to monitor fluxes in situ. 


2.3 Complementarities of vertical and horizontal approaches 


The combination of horizontal and vertical high-throughput approaches (Fig. 1) is of 
particular interest, as it has the potential to dramatically speed up the process of discovery. 
Thus, depending on the objectives of the study, an untargeted approach can be used first on 
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a selection of samples to identify the most discriminating biomarkers that would then be 
analyzed on a much greater number of samples using a targeted approach (Tarpley et al., 
2005). For example, such strategy has been successfully used in maize where a number of 
enzymes were first profiled in a small panel of eight highly diverse maize inbred lines, 
revealing a highly heritable variation in NAD-dependent isocitrate dehydrogenase activity. 
The use of a panel of about hundred lines then allowed the identification of a novel amino- 
acid substitution in a phylogenetically conserved site, which is assoaciated with isocitrate 
activity variation (Zhang et al., 2010). On the contrary, a horizontal approach can be used to 
screen large numbers of samples, thus revealing the most extremes or representative ones, 
on which a vertical approach can then be used to search for unexpected modifications, to 
study the system as a whole in the best possible matrix of samples, or simply to find novel 
biomarkers. As an example, the easy to measure glucose-6-phosphate, which is a good 
temporal marker of carbon depletion (Stitt et al., 2007), has been used to define a precise 
time frame to study transcriptomic and metabolomic responses to carbon starvation in 
Arabidopsis leaves (Usadel et al., 2008), thus avoiding unnecessary and costly analyses. 


3. Key challenges for plant metabolomics 


An increasing number of approaches benefit from plant metabolomics. Among them, 
systems biology, quantitative genetics and meta-phenomics offer particularly exciting yet 
challenging perspectives. 


3.1 Systems biology 


In the context of plant functional genomics, the combination of metabolomics, proteomics, 
and transcriptomics has permitted to decipher and understand dynamic interactions in 
metabolic networks and to discover new correlations with biochemically characterized 
pathways as well as pathways hitherto unknown (Zhang et al., 2009; Williams et al., 2010). 
The main lesson from the latter or similar studies is that metabolic pathways are highly 
interactive rather than operating as separate units. In each biological system (cell, tissue, 
organism) there are metabolic networks in place, which are highly flexible and present a 
huge capacity to provide compensatory mechanisms through regulatory process. These 
observations actually explain why many dedicated GMO strategies ended up with silent 
phenotype (Weckwerth et al., 2004) and also convinced a large set of researchers to study 
metabolic networks as a whole, and not as a sum of parts, moving from reductionist to 
holistic approaches. 


Although systems biology may mean different things to different people, there is a common 
understanding that this discipline is a comprehensive quantitative analysis of the manner in 
which all the components of a biological system (cell, tissue, organisms, communities) 
interact functionally over time. Systems biology aims at combining omics data resulting 
from complex networks into computational models. Besides integration with upstream 
levels (genome, transcriptome, proteome), metabolite data also have to be integrated with 
downstream levels (e.g. growth, performance) data. The quantitative data are the initial 
point for the formulation of mathematical models, which are refined by hypothesis-driven, 
iterative systems perturbations and data integrations. Cycles of iteration result in a more 
accurate model and ultimately the model explains emergent properties of the biological 
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system of interest. Once the model is sufficiently accurate and detailed, it allows biologists 
to accomplish two tasks (1) predict the behavior of the system given any perturbation such 
as a modification of the environment, and (2) redesign or perturb the gene regulatory 
network to create completely new emergent systems properties (Vidal, 2009; Westerhoff et 
al., 2009; Arkin & Schaffer, 2011). 


Exciting examples of integrated system biology to solve biological questions in plant science 
have been published such as identification of key players in the branched amino acid 
metabolism in A. thaliana (Curien et al., 2009), analysis of carbohydrate dynamics during 
acclimation to low temperature in A. thaliana (Nagele et al., 2011), or understanding the 
metabolism of tobacco grown on media containing different cytokins (Lexa et al., 2003). 
Systems biology will benefit from close collaborations between different teams covering 
complementary sectors of metabolism, e.g. central metabolism and different sectors of 
secondary metabolism. The challenges in establishing such systems approaches rely on 
collecting reliable, quantitative and systemic “omics” data, including metabolomics data, for 
developing modelling able to predict de novo biological outcomes given the list of the 
components involved. Advances in plant genome sequencing, transcriptomics and 
proteomics have paved the way for a systematic analysis of cellular processes at gene and 
protein levels. For metabolomics, some limitations remain for real system biology 
approaches, in terms of analytical sensitivity, throughput and access to specific tissue or 
subcellular compartments. Moreover, the high turn-over rate of many metabolic 
intermediates has to be taken into consideration. In addition, the absolute quantification of 
metabolites under physiological, in vivo and dynamic conditions remains a major challenge. 
The combination of existing multiparallel analytical platforms with special attention to 
metabolite quantification (see Sections 2.1.2 and 2.2.3) in a cohesive manner may not be 
sufficient and emerging microtechnologies such as microfluidics will certainly help (see 
Section 2.2.4 and (Wurm et al., 2010)). 


Recently, plant systems biology has been redefined from cell to ecosystem (Keurentjes et al., 
2011). For these authors, in a holistic systems-biology approach, plants have to be studied at 
six levels of biological organization (from subcellular level to ecosystem) in an orchestrated 
way, with special attention to the interdependence between the various levels of biological 
organization. The corresponding challenge will be to generate accurate experimental data 
for communities, populations, single whole plants, down to cell types and their organelles 
that can be used to feed new modelling concepts. For example, at the subcellular level 
molecular signaling pathways are crucial to understand cell development, defense against 
pathogens and many more intermediate processes in plants. The highly sensitive and high- 
throughput method developed for the simultaneous analysis of 43 molecular species of 
cytokinins, auxins, ABA and gibberellins (Kojima et al., 2009) has opened a big opportunity 
to routinely describe basic molecular signaling pathways in plant cells. Others challenges 
need to be considered in terms of dry labs. Because systems biology heavily relies on 
information stored in public databases for the different levels of biological organization, 
which is often incomplete, not standardized or improperly annotated, it is essential that 
collective efforts are developed for the validation of large data sets. Plant network biology is 
in its infancy and other current needs range from the development of new theoretical 
methods to characterize network topology, to insights into dynamics of motif clusters and 
biological function. 
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3.2 Quantitative genetics 


Quantitative genetics, which aim at associating quantitative traits with genomic regions 
called quantitative trait loci (QTL), represent a great opportunity to understand the diversity 
of plant metabolism and its relationship to nutritional value or biomass production. Studies 
combining metabolomics and quantitative genetics performed in Arabidopsis seedlings 
(Keurentjes et al., 2006) and tomato fruits (Schauer et al., 2006) have shown that variations in 
metabolite levels are for a large part heritable, and have identified large numbers of 
metabolite QTL, implying that levels of metabolites of interest could be controlled by 
manipulating small genome regions (Saito & Matsuda, 2010). Conversely, genetic diversity 
has been used to study the behaviour of metabolic networks and the way they integrate 
with whole plant traits, eventually revealing links between metabolic composition and 
growth (Meyer et al., 2007). Such findings appeal for multivariate QTL mapping (Calinski et 
al., 2000), thus opening exciting perspectives for the manipulation of plant performance. 


The identification of the molecular bases underlying QTL has usually been a major 
challenge, and several years of hard work were typically necessary to unravel just one of 
them. However, thanks to the development of increasingly powerful methodologies 
exploiting genetic diversity that combine linkage and/or association mapping and high 
density genotyping, the elucidation of such molecular bases can now be achieved much 
quicker (Myles et al., 2009). The other side of the coin is that these methodologies require 
experiments of increasing sizes. Thus, the nested association mapping (NAM) approach 
recently developed in maize (Yu et al., 2008) already involves 5,000 genotypes (25 mapping 
populations of 200 genotypes each), which would represent at least 5,000 samples to 
process. Unfortunately, due to technical and financial limitations, the processing of so many 
samples remains very unusual in plant metabolomics. Furthermore, taking into account 
different growth scenarios, temporal aspects or different organs or tissues would result in 
factorial increases in numbers of samples. As mentioned above, combinations of horizontal 
and vertical metabolomics might nevertheless be very useful to decrease costs and labour. 
For instance, small sub-panels with high genetic diversity can be used first to assess 
heritability for a large number of metabolic traits, selected ones being then evaluated in full 
panels using inexpensive and fast methods. 


Finally and importantly, genetic divergence and phenotypic divergence are too different 
things (Kozak et al., 2011). Accordingly, one single gene can be responsible for huge 
phenotypic variations and one single trait can be controlled by many QTL. One consequence 
is that molecular marker-assisted breeding might not always be the best and/or cheapest 
solution to select genotypes yielding phenotypes of interest. Therefore, it is pertinent to 
explore the possibility to use alternative biomarkers, including metabolites that can be 
measured at reasonable costs in very large populations. 


3.3 Meta-phenomics 


Comparing different species is a powerful way to extend knowledge about biological 
processes. Thus, comparative genomics facilitate the assignation of gene function in non 
sequenced organisms, enable the quick annotation of newly sequenced genomes and greatly 
contribute to studies of gene function and evolution. For example, extensive synteny 
between genomes of Graminae species has been shown (Salse, 2004) and QTL controlling 
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similar traits have been found in orthologous regions of e.g., maize and sorghum 
(Figueiredo et al., 2010). Conversely, the fact that orthologous genes do not necessary have 
the same functions in different species (Buckler et al., 2009) opens fascinating perspectives 
regarding evolution of gene function (Wang et al., 2009). 


Finding common and divergent phenotypes among large numbers of species is also a 
promising way to better understand biological functions in the context of evolution. 
Meta-phenomics, which has recently been proposed by Poorter and colleagues (Poorter et 
al., 2009; Poorter et al., 2010), defines as the study of plant responses to environmental 
factors by performing meta-analyses. This novel ecophysiological approach aims at 
generalising plant responses by integrating phenotypic and environmental data gathered for 
large numbers of species. Thus, by using accurate normalisation procedures generic 
response curves were found for surface leaf area as related to major abiotic factors. 
Noteworthy, data for >300 species had to be collected and curated manually throughout 60 
years of literature. One exciting finding is divergences between groups of species could be 
pinpointed, for example C3 and C4 species. There is no doubt that meta-phenomics is 
amenable to the cellular level, and in particular to metabolic pathways, and C3 and C4 
metabotypes are indeed easy to distinguish when comparing their respective metabolomes. 
However, this might be considerably complicated given the heterogeneity of available 
metabolic data (in terms of e.g., annotation and normalisation). Furthermore, descriptions of 
environmental conditions found in literature are almost always text-based, and thus very 
difficult to compute. Fortunately, the adoption and use of standardised conceptualisations 
with explicit specifications to report data and metadata (i.e. minimum checklists) is 
progressing in the field of metabolomics (Fiehn et al., 2007a; Fiehn et al., 2007b). It will 
nevertheless be of central importance to prefer absolute quantification and to enable 
quantitative descriptions of environmental factors, which will probably be facilitated via 
collaborations with ecophysiologists. 


4. Conclusion 


As metabolomics in general (Hall et al., 2011), plant metabolomics is moving towards 
biology with a growing variety of applications from ‘simple’ diagnostic of culture practices 
to translational studies towards systems biology. However, for some of the emerging 
applications, the optimization of analytical and computational technologies for the 
acquisition, handling and mining of metabolomics data remains necessary. Some of the 
crucial bottlenecks that still have to be adressed concern quantification for modelling, time 
and spatial resolved experiments, multi-experiments and data sharing. 


The promotion of multi-experiments and multi-labs combined analyses (Allwood et al., 
2009; Ward et al., 2010) for high sample numbers, indispensable for some ecology or 
quantitative genetics studies for instance, requires shared plant biological standards (labeled 
or non-labeled) and standardization of their use. The absolute quantification data, needed 
for metabolism modelling in systems biololy approaches, also requires isotopically labelled 
plant standards or at least labelled reference compounds for MS approaches. The 
generalisation of time-resolved experiments for instance for the study of fine metabolism 
regulation or short-term responses to stresses will need further increases in horizontal high- 
throughput using microplate, microfluidics or other technologies. Besides increased 
throughput, increased sensitivity for all the analytical technologies listed in this review may 
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open new insights into the use of metabolomics for plant development studies. Spatial- 
resolved experiments with analysis of laser-microdissected samples by NMR or MS (Moco 
et al., 2009; Kim et al., 2011) will be particularly useful for the study of plant-pathogen 
interactions. The generalization of metabolite compartmentation studies in plant tissues at 
the cellular and subcellular levels, possibly with non-aqueous fractionation (Krueger et al., 
2011), will also request increases in both horizontal high-throughput and sensitivity. 


Moreover, the systematic sharing, combining, and re-exploring of the data produced using 
targeted metabolic phenotyping or untargeted metabolomics will produce new knowledge. 
Cataloging the metabolome itself by experimental data and literature data, stored in curated 
databases can complement genomic reconstructions of metabolism (Fiehn et al., 2011). 
Access to the regulation of the plasticity and flexibility of metabolic networks implies that 
the metadata of each experiment, including environment metadata (Hannemann et al., 2009) 
have to be carefully documented and uploaded into a central or distributed network 
repository dedicated to plants. This suggests that the MSI initiative (Fiehn et al., 2007a) has 
to continue to propose and promote standardization criteria that will be integrated by the 
bioinformatics developments of open repositories and used by the community. In addition, 
sophisticated but easy-to-use tools for metabolomics data combining, integration with other 
phenotyping or omics data, and integrated statistical analyses and modelling are needed. 
The plant metabolome community may benefit from more interaction with the human 
metabolome community for the use and development of such tools, and both may address 
combined analyses of food quality determinants (Hall et al., 2008) and food human 
consumption monitoring (Wishart, 2008). 


5. Acknowledgment 


Financial supports of ERA-NET ERASysBiot+t (FRIM) and FP7 KBBE (DROPS, grant 
agreement number FP7-244374) are acknowledged. All authors acknowledge support from 
the Metabolome Facility of Bordeaux Functional Genomics Centre. 


6. References 


Allwood, J.W.; de Vos, C.H.R.; Moing, A.; Deborde, C.; Erban, A.; Kopka, J.; Goodacre, R. & 
Hall, R. (2011). Plant metabolomics and its potential for systems biology research: 
background concepts, technology and methodology, In: Methods In Systems Biology, 
Westerhoff, H., Hayes, N., (Eds) in press, Elsevier Inc., isbn 978-0-12-385118-5, 
Amsterdam, Netherlands 

Allwood, J.W.; Erban, A.; de Koning, S.; Dunn, W.B.; Luedemann, A.; Lommen, A.; Kay, L.; 
Loscher, R.; Kopka, J. & Goodacre, R. (2009). Inter-laboratory reproducibility of fast 
gas chromatography-electron impact-time of flight mass spectrometry (GC-EI- 
TOF/MS) based plant metabolomics. Metabolomics, Vol.5, No. 4, (Dec 2009), pp. 
479-496, issn 1573-3882 

Ap Rees, T.A.; Fuller, W.A. & Wright, B.W. (1977). Measurements of glycolytic intermediates 
during onset of thermogenesis in spadix of Arum maculatum. Biochimica Biophysica 
Acta, Vol.461, No. 2, (Aug 1977), pp. 274-282, issn 0006-3002 

Arkin, A.P. & Schaffer, D.V. (2011). Network News: Innovations in 21st Century Systems 
Biology. Cell, Vol.144, No. 6, (Mar 2011), pp. 844-849, issn 0092-8674 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 229 


Arrivault, S.; Guenther, M.; Ivakov, A.; Feil, R.; Vosloh, D.; van Dongen, J.T.; Sulpice, R. & 
Stitt, M. (2009). Use of reverse-phase liquid chromatography, linked to tandem 
mass spectrometry, to profile the Calvin cycle and other metabolic intermediates in 
Arabidopsis rosettes at different carbon dioxide concentrations. Plant Journal, 
Vol.59, No. 5, (Sep 2009), pp. 824-839, issn 0960-7412 

Atalay, Y.T.; Witters, D.; Vermeir, S.; Vergauwe, N.; Verboven, P.; Nicolai, B. & Lammertyn, 
J. (2009). Design and optimization of a double-enzyme glucose assay in 
microfluidic lab-on-a-chip. Biomicrofluidics, Vol.3, No.4, (Oct-Dec 2009), issn 1932- 
1058 

Battersby, B.J. & Trau, M. (2002). Novel miniaturized systems in high-throughput screening. 
Trends in Biotechnology, Vol.20, No. 4, (Apr 2002), pp. 167-173, issn 0167-7799 

Beale, M.H. & Sussman, M.R. (2011). Metabolomics of Arabidopsis Thaliana, In: Biology of 
Plant Metabolomics, Hall, R.D., (Ed.) 157-180, Wiley-Blackwell, isbn 978-1-4051-9954- 
4, Chichester, UK 

Bergmeyer, H.U. (1983). Metabolites 1: Carbohydrates, In: Methods of enzymatic analysis, 
Bergmeyer, J., GraBl, M., (Eds) 701, VCH Verlagsgesellschaft mbH, isbn 3-527- 
26046-3, Weinheim, Germany 

Bergmeyer, H.U. (1985). Metabolites 2: Tri and dicarboxylic acids, purines, pyrimidines and 
derivatives, coenzymes, inorganic compounds, In: Methods of enzymatic analysis, 
Bergmeyer, J., GraBl, M., (Eds) 656, VCH Verlagsgesellschaft mbH, isbn 3-527- 
26047-1, Weinheim, Germany 

Bergmeyer, H.U. (1987). Metabolites 3 - Lipids, Amino Acids and Related Compounds In: 
Methods of enzymatic analysis, Bergmeyer, J., GraBl, M. (Eds) VCH 
Verlagsgesellschaft mbH, isbn 3-527-26048-X, Weinheim, Germany 

Bourgis, F.; Kilaru, A.; Cao, X.; Ngando-Ebongue, G.F.; Drira, N.; Ohlrogge, J.B. & Arondel, 
V. (2011). Comparative transcriptome and metabolite analysis of oil palm and date 
palm mesocarp that differ dramatically in carbon partitioning. Proceedings of the 
National Academy of Sciences of the United States of America, Vol.108, No. 30, (Jul 
2011), pp. 12527-12532, issn 0027-8424 

Broyart, C.; Fontaine, J.X.; Molinie, R.; Cailleu, D.; Terce-Laforgue, T.; Dubois, F.; Hirel, B. & 
Mesnard, F. (2010). Metabolic profiling of maize mutants deficient for two 
glutamine synthetase isoenzymes using (1)H-NMR-based metabolomics. 
Phytochemical Analysis, Vol.21, No. 1, (Jan-Feb 2010), pp. 102-109, issn 0958-0344 

Buckler, E.S.; Holland, J.B.; Bradbury, P.J.; Acharya, C.B.; Brown, P.J.; Browne, C.; Ersoz, E.; 
Flint-Garcia, S.; Garcia, A.; Glaubitz, J.C.; Goodman, M.M.; Harjes, C.; Guill, K.; 
Kroon, D.E.; Larsson, S.; Lepak, N.K.; Li, H.H.; Mitchell, S.E.; Pressoir, G.; Peiffer, 
J.A.; Rosas, M.O.; Rocheford, T.R.; Romay, M.C.; Romero, S.; Salvo, S.; Villeda, H.S.; 
da Silva, H.S.; Sun, Q.; Tian, F.; Upadyayula, N.; Ware, D.; Yates, H.; Yu, J.M.; 
Zhang, Z.W.; Kresovich, S. & McMullen, M.D. (2009). The genetic architecture of 
maize flowering time. Science, Vol.325, No. 5941, (Aug 2009), pp. 714-718, issn 0036- 
8075 

Bylesjo, M.; Nilsson, R.; Srivastava, V.; Gronlund, A.; Johansson, A.I.; Jansson, S.; Karlsson, 
J; Moritz, T.; Wingsle, G. & Trygg, J. (2009). Integrated analysis of transcript, 


www.intechopen.com 


230 Metabolomics 


protein and metabolite data to study lignin biosynthesis in hybrid aspen. Journal of 
Proteome Research, Vol.8, No. 1, (Jan 2009), pp. 199-210, issn 1535-3893 

Calinski, T.; Kaczmarek, Z.; Krajewski, P.; Frova, C. & Sari-Gorla, M. (2000). A multivariate 
approach to the problem of QTL localization. Heredity, Vol.84, No. 3, (Mar 2000), 
pp. 303-310, issn 0018-067X 

Choi, C.J. & Cunningham, B.T. (2007). A 96-well microplate incorporating a replica molded 
microfluidic network integrated with photonic crystal biosensors for high 
throughput kinetic biomolecular interaction analysis. Lab on a Chip, Vol.7, No. 5, 
(Mar 2007), pp. 550-556, issn 1473-0197 

Ciccimaro, E. & Blair, I.A. (2010). Stable-isotope dilution LC-MS for quantitative biomarker 
analysis. Bioanalysis, Vol.2, No. 2, (Feb 2010), pp. 311-341, issn 1757-6180 

Cossegal, M.; Chambrier, P.; Mbelo, S.; Balzergue, S.; Martin-Magniette, M.L.; Moing, A.; 
Deborde, C.; Guyon, V.; Perez, P. & Rogowsky, P. (2008). Transcriptional and 
metabolic adjustments in ADP-glucose pyrophosphorylase-deficient bt2 maize 
kernels. Plant Physiology, Vol.146, No. 4, (Apr 2008), pp. 1553-1570, issn 0032-0889 

Curien, G.; Bastlen, O.; Robert-Genthon, M.; Cornish-Bowden, A.; Cardenas, M.L. & Dumas, 
R. (2009). Understanding the regulation of aspartate metabolism using a model 
based on measured kinetic parameters. Molecular Systems Biology, Vol.5, (May 
2009), issn 1744-4292 

de Vos, R.C.H.; Hall, R. & Moing, A. (2011). Metabolomics of a model fruit: tomato In: 
Biology of Plant Metabolomics, Hall, R., (Ed.) 109-155, Wiley-Blackwell Ltd, isbn 978- 
1-4051-9954-4, Oxford 

Deluc, L.G.; Grimplet, J.; Wheatley, M.D.; Tillett, R.L.; Quilici, D.R.; Osborne, C.; Schooley, 
D.A.; Schlauch, K.A.; Cushman, J.C. & Cramer, G.R. (2007). Transcriptomic and 
metabolite analyses of Cabernet Sauvignon grape berry development. BMC 
Genomics, Vol.8 (Nov 2007), issn 1471-2164 

Dixon, R.A. & Strack, D. (2003). Phytochemistry meets genome analysis, and beyond. 
Phytochemistry, Vol.62, No. 6, (Mar 2003), pp. 815-816, issn 0031-9422 

Dwivedi, P.; Wu, P.; Klopsch, S.J.; Puzon, GJ.; Xun, L. & Hill, H.H. (2008). Metabolic 
profiling by ion mobility mass spectrometry (IMMS). Metabolomics, Vol.4, No. 1, 
(Mar 2008), pp. 63-80, issn 1573-3882 

Eklund, S.E.; Snider, R.M.; Wikswo, J.; Baudenbacher, F.; Prokop, A. & Cliffel, D.E. (2006). 
Multianalyte microphysiometry as a tool in metabolomics and systems biology. 
Journal of Electroanalytical Chemistry, Vol.587, No. 2, (Feb 2006), pp. 333-339, issn 
0022-0728 

Ernst, W.H.O. (1995). Sampling of plant material for chemical analysis. Science of the Total 
Environment, Vol.176, No. 1-3, (Dec 1995), pp. 15-24, issn 0048-9697 

Fait, A.; Hanhineva, K.; Beleggia, R.; Dai, N.; Rogachev, I.; Nikiforova, V.J.; Fernie, A.R. & 
Aharoni, A. (2008). Reconfiguration of the achene and receptacle metabolic 
networks during strawberry fruit development. Plant Physiology, Vol.148, No. 2, 
(Oct 2008), pp. 730-750, issn 0032-0889 

Farag, M.A.; Huhman, D.V.; Dixon, R.A. & Sumner, L.W. (2008). Metabolomics reveals 
novel pathways and differential mechanistic and elicitor-specific responses in 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 231 


phenylpropanoid and isoflavonoid biosynthesis in Medicago truncatula cell cultures. 
Plant Physiology, Vol.146, No. 2, (Feb 2008), pp. 387-402, issn 0032-0889 

Feldberg, L.; Venger, I.; Malitsky, S.; Rogachev, I. & Aharoni, A. (2009). Dual labeling of 
metabolites for metabolome analysis (DLEMMA): A new approach for the 
identification and relative quantification of metabolites by means of dual isotope 
labeling and liquid chromatography-mass spectrometry. Analytical Chemistry, 
Vol.81, No. 22, (Nov 2009), pp. 9257-9266, issn 0003-2700 

Ferry-Dumazet, H.; Gil, L.; Deborde, C.; Moing, A.; Bernillon, S.; Rolin, D.; Nikolski, M.; de 
Daruvar, A. & Jacob, D. (2011). MeRy-B: a web knowledgebase for the storage, 
visualization, analysis and annotation of plant NMR metabolomic profiles. BMC 
Plant Biology, Vol.11 (Jun 2011), pp. 12, issn 1471-2229 

Fiehn, O.; Barupal, D.K. & Kind, T. (2011). Extending biochemical databases by metabolomic 
surveys. Journal of Biological Chemistry, Vol.286, No. 27, (Jul 2011), pp. 23637-23643, 
issn 0021-9258 

Fiehn, O.; Robertson, D.; Griffin, J.; van der Werf, M.; Nikolau, B.; Morrison, N.; Sumner, 
L.W.; Goodacre, R.; Hardy, N.W.; Taylor, C.; Fostel, J.; Kristal, B.; Kaddurah-Daouk, 
R.; Mendes, P.; van Ommen, B.; Lindon, J.C. & Sansone, S.A. (2007a). The 
metabolomics standards initiative (MSI). Metabolomics, Vol.3, No. 3, (Sep 2007), pp. 
175-178, issn 1573-3882 

Fiehn, O.; Sumner, L.W.; Rhee, S.Y.; Ward, J.; Dickerson, J.; Lange, B.M.; Lane, G.; Roessner, 
U.; Last, R. & Nikolau, B. (2007b). Minimum reporting standards for plant biology 
context information in metabolomic studies. Metabolomics, Vol.3, No. 3, (Sep 2007), 
pp. 195-201, issn 1573-3882 

Fiehn, O.; Wohlgemuth, G.; Scholz, M.; Kind, T.; Lee, D.Y.; Lu, Y.; Moon, S. & Nikolau, B. 
(2008). Quality control for plant metabolomics: reporting MSI-compliant studies. 
Plant Journal, Vol.53, No. 4, (Feb 2008), pp. 691-704, issn 0960-7412 

Figueiredo, L.F.D.; Sine, B.; Chantereau, J.; Mestres, C.; Fliedel, G.; Rami, J.F.; Glaszmann, 
J.C; Deu, M. & Courtois, B. (2010). Variability of grain quality in sorghum: 
association with polymorphism in Sh2, Bt2, SssI, Ae1, Wx and O2. Theoretical and 
Applied Genetics, Vol.121, No. 6, (Oct 2010), pp. 1171-1185, issn 0040-5752 

Fouad, M.; Jabasini, M.; Kaji, N.; Terasaka, K.; Tokeshi, M.; Mizukami, H. & Baba, Y. (2008). 
Microchip analysis of plant glucosinolates. Electrophoresis, Vol.29, No. 11, (Jun 
2008), pp. 2280-2287, issn 0173-0835 

Gaquerel, E.; Weinhold, A. & Baldwin, LT. (2009). Molecular interactions between the 
specialist herbivore Manduca sexta (Lepidoptera, Sphigidae) and its natural host 
Nicotiana attenuata. VIII. An unbiased GCxGC-ToFMS analysis of the plant's elicited 
volatile emissions. Plant Physiology, Vol.149, No. 3, (Mar 2009), pp. 1408-1423, issn 
0032-0889 

Giavalisco, P.; Kohl, K.; Hummel, J.; Seiwert, B. & Willmitzer, L. (2009). C-13 isotope-labeled 
metabolomes allowing for improved compound annotation and relative 
quantification in liquid chromatography-mass spectrometry-based metabolomic 
research. Analytical Chemistry, Vol.81, No. 15, (Aug 2009), pp. 6546-6551, issn 0003- 
2700 


www.intechopen.com 


232 Metabolomics 


Gibon, Y.; Vigeolas, H.; Tiessen, A.; Geigenberger, P. & Stitt, M. (2002). Sensitive and high 
throughput metabolite assays for inorganic pyrophosphate, ADPGlc, nucleotide 
phosphates, and glycolytic intermediates based on a novel enzymic cycling system. 
Plant Journal, Vol.30, No. 2, (Apr 2002), pp. 221-235, issn 0960-7412 

Hall, R.D. (2006). Plant metabolomics: from holistic hope, to hype, to hot topic. New 
Phytologist, Vol.169, No. 3, (Jan 2006), pp. 453-468, issn 1469-8137 

Hall, R.D. (2011a). Biology of Plant Metabolomics, In: Annual Plant Reviews, 420, Wiley- 
Blackwell, isbn 978-1-4051-9954-4, Chichester, UK 

Hall, R.D. (2011b). Plant Metabolomics in a Nutshell: Potential and Future Challenges, In: 
Biology of Plant Metabolomics, Hall, R.D., (Ed.) 1-24, Wiley-Blackwell, isbn 978-1- 
4051-9954-4, Chichester, UK 

Hall, R.D.; Brouwer, I.D. & Fitzgerald, M.A. (2008). Plant metabolomics and its potential 
application for human nutrition. Physiologia Plantarum, Vol.132, No. 2, (Feb 2008), 
pp. 162-175, issn 0031-9317 

Hall, R.D.; Wishart, D. & Roessner, U. (2011). Metabolomics and the move towards biology. 
Metabolomics, Vol.7, No. 3, (Sep 2011), pp. 454-456, issn 1573-3882 

Halpin, S.T. & Spence, D.M. (2010). Direct plate-reader measurement of nitric oxide released 
from hypoxic erythrocytes flowing through a microfluidic device. Analytical 
Chemistry, Vol.82, No. 17, (Sep 2010), pp. 7492-7497, issn 0003-2700 

Hannemann, J.; Poorter, H.; Usadel, B.; Blasing, O.E.; Finck, A.; Tardieu, F.; Atkin, O.K.; 
Pons, T.; Stitt, M. & Gibon, Y. (2009). Xeml Lab: a tool that supports the design of 
experiments at a graphical interface and generates computer-readable metadata 
files, which capture information about genotypes, growth conditions, 
environmental perturbations and sampling strategy. Plant Cell and Environment, 
Vol.32, No. 9, (Sep 2009), pp. 1185-1200, issn 0140-7791 

Hausler, R.E., Fischer, K.L. & Flugge, U.I. (2000). Determination of low-abundant 
metabolites in plant extracts by NAD(P)H fluorescence with a microtiter plate 
reader. Analytical Biochemistry, Vol.281, No. 1, (May 2000), pp. 1-8, issn 0003-2697 

Hirai, M.Y.; Sawada, Y.; Kanaya, S.; Kuromori, T.; Kobayashi, M.; Klausnitzer, R.; Hanada, 
K.; Akiyama, K.; Sakurai, T.; Saito, K. & Shinozaki, K. (2010). Toward genome-wide 
metabolotyping and elucidation of metabolic system: metabolic profiling of large- 
scale bioresources. Journal of Plant Research, Vol.123, No. 3, (May 2010), pp. 291-298, 
issn 0918-9440 

Hompesch, R.W.; Garcia, C.D.; Weiss, D.J.; Vivanco, J.M. & Henry, C.S. (2005). Analysis of 
natural flavonoids by microchip-micellar electrokinetic chromatography with 
pulsed amperometric detection. Analyst, Vol.130, No. 5, (May 2005), pp. 694-700, 
issn 0003-2654 

Jacob, S.S.; Smith, N.W. & Legido-Quigley, C. (2007). Assessment of Chinese medicinal herb 
metabolite profiles by UPLC-MS-based methodology for detection of aristolochic 
acids. Journal of Separation Science, Vol.30, No. 8, (May 2007), pp. 1200-1206, issn 
1615-9306 

Jemal, M.; Schuster, A. & Whigan, D.B. (2003). Liquid chromatography/tandem mass 
spectrometry methods for quantitation of mevalonic acid in human plasma and 
urine: method validation, demonstration of using a surrogate analyte, and 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 233 


demonstration of unacceptable matrix effect in spite of use of a stable isotope 
analog internal standard. Rapid Communications in Mass Spectrometry, Vol.17, No. 15, 
(Jun 2003), pp. 1723-1734, issn 0951-4198 

Jiang, G.F.; Attiya, S.; Ocvirk, G.; Lee, W.E. & Harrison, D.J. (2000). Red diode laser induced 
fluorescence detection with a confocal microscope on a microchip for capillary 
electrophoresis. Biosensors & Bioelectronics, Vol.14, No. 10-11, (Jan 2000), pp. 861-869, 
issn 0956-5663 

Joyce, A.R. & Palsson, B.O. (2006). The model organism as a system: integrating 'omics' data 
sets. Nature Reviews Molecular Cell Biology, Vol.7, No. 3, (Mar 2006), pp. 198-210, issn 
1471-0072 

Kaiser, K.A.; Barding, G.A. & Larive, C.K. (2009). A comparison of metabolite extraction 
strategies for 1H-NMR-based metabolic profiling using mature leaf tissue from the 
model plant Arabidopsis thaliana. Magnetic Resonance in Chemistry, Vol.47, No. S1, 
(Dec 2009), pp. S147-S156, issn 0749-1581 

Keurentjes, J.J.B.; Angenent, G.C.; Dicke, M.; Dos Santos, V.; Molenaar, J.; van der Putten, 
W.H.; de Ruiter, P.C.; Struik, P.C. & Thomma, B. (2011). Redefining plant systems 
biology: from cell to ecosystem. Trends in Plant Science, Vol.16, No. 4, (Apr 2011), 
pp. 183-190, issn 1360-1385 

Keurentjes, J.J.B.; Fu, J.Y.; de Vos, C.H.R.; Lommen, A.; Hall, R.D.; Bino, R.J.; van der Plas, 
L.H.W.; Jansen, R.C.; Vreugdenhil, D. & Koornneef, M. (2006). The genetics of plant 
metabolism. Nature Genetics, Vol.38, No. 7, (Jul 2006), pp. 842-849, issn 1061-4036 

Kim, H.K.; Choi, Y.H. & Verpoorte, R. (2011). NMR-based plant metabolomics: where do we 
stand, where do we go? Trends in Biotechnology, Vol.29, No. 6, (Jun 2011), pp. 267- 
275, issn 0167-7799 

Kmellar, B.; Abranko, L.; Fodor, P. & Lehotay, S.J. (2010). Routine approach to qualitatively 
screening 300 pesticides and quantification of those frequently detected in fruit and 
vegetables using liquid chromatography tandem mass spectrometry (LC-MS/MS). 
Food Additives and Contaminants Part a-Chemistry Analysis Control Exposure & Risk 
Assessment, Vol.27, No. 10, (Oct 2010), pp. 1415-1430, issn 1944-0049 

Koek, M.; Jellema, R.; van der Greef, J.; Tas, A. & Hankemeier, T. (2011). Quantitative 
metabolomics based on gas chromatography mass spectrometry: status and 
perspectives. Metabolomics, Vol.7, No. 3, (Sep 2011), pp. 307-328, issn 1573-3882 

Kojima, M.; Kamada-Nobusada, T.; Komatsu, H.; Takei, K.; Kuroha, T.; Mizutani, M.; 
Ashikari, M.; Ueguchi-Tanaka, M.; Matsuoka, M.; Suzuki, K. & Sakakibara, H. 
(2009). Highly sensitive and high-throughput analysis of plant hormones using MS- 
probe modification and liquid chromatography tandem mass spectrometry: An 
application for hormone profiling in Oryza sativa. Plant and Cell Physiology, Vol.50, 
No. 7, (Jul 2009), pp. 1201-1214, issn 0032-0781 

Kozak, M.; Bocianowski, J.; Liersch, A.; Tartanus, M.g.; Bartkowiak-Broda, I.; Piotto, F. & 
Azevedo, R. (2011). Genetic divergence is not the same as phenotypic divergence. 
Molecular Breeding, Vol.28, No. 2, (May 2011), pp. 277-280, issn 1380-3743 

Krueger, S.; Giavalisco, P.; Krall, L.; Steinhauser, M.C.; Bussis, D.; Usadel, B.; Flugge, U.I.; 
Fernie, A.R.; Willmitzer, L. & Steinhauser, D. (2011). A topological map of the 


www.intechopen.com 


234 Metabolomics 


compartmentalized Arabidopsis thaliana leaf metabolome. Plos One, Vol.6, No. 3, 
(Mar 2011), pp. 16, issn 1932-6203 

Kusano, M.; Fukushima, A.; Redestig, H. & Saito, K. (2011a). Metabolomic approaches 
toward understanding nitrogen metabolism in plants. Journal of Experimental 
Botany, Vol.62, No. 4, (Feb 2011a), pp. 1439-1453, issn 0022-0957 

Kusano, M.; Redestig, H.; Hirai, T.; Oikawa, A.; Matsuda, F.; Fukushima, A.; Arita, M.; 
Watanabe, S.; Yano, M.; Hiwasa-Tanase, K.; Ezura, H. & Saito, K. (2011b). Covering 
chemical diversity of genetically-modified tomatoes using metabolomics for 
objective substantial equivalence assessment. Plos One, Vol.6, No. 2, (Feb 2011b), 
issn 1932-6203 

Lei, Z.; Huhman, D. & Sumner, L.W. (2011). Mass spectrometry strategies in metabolomics. 
Journal of Biological Chemistry, (Jun 2011), issn 0021-9258 

Leiss, K.A.; Choi, Y.H.; Verpoorte, R. & Klinkhamer, P.G.L. (2010). An overview of NMR- 
based metabolomics to identify secondary plant compounds involved in host plant 
resistance. Phytochemistry Reviews, Vol.10, No. 2, (Jun 2010), pp. 205-216, issn 1568- 
7767 

Lexa, M.; Genkov, T.; Malbeck, J.; Machackova, I. & Brzobohaty, B. (2003). Dynamics of 
endogenous cytokinin pools in tobacco seedlings: A modelling approach. Annals of 
Botany, Vol.91, No. 5, (Apr 2003), pp. 585-597, issn 0305-7364 

Liu, G.N.; Zhu, Y.H. & Jiang, J.G. (2009). The metabolomics of carotenoids in engineered cell 
factory. Applied Microbiology and Biotechnology, Vol.83, No. 6, (Jul 2009), pp. 989-999, 
issn 0175-7598 

Lu, W.; Bennett, B.D. & Rabinowitz, J.D. (2008). Analytical strategies for LC-MS-based 
targeted metabolomics. Journal of Chromatography B-Analytical Technologies in the 
Biomedical and Life Sciences, Vol.871, No. 2, (Aug 2008), pp. 236-242, issn 1570-0232 

McDonald, J.C.; Duffy, D.C.; Anderson, J.R.; Chiu, D.T.; Wu, H.K.; Schueller, O.J.A. & 
Whitesides, G.M. (2000). Fabrication of microfluidic systems in 
poly(dimethylsiloxane). Electrophoresis, Vol.21, No. 1, (Jan 2000), pp. 27-40, issn 
0173-0835 

McDougall, G.; Martinussen, I. & Stewart, D. (2008). Towards fruitful metabolomics: High 
throughput analyses of polyphenol composition in berries using direct infusion 
mass spectrometry. Journal of Chromatography B-Analytical Technologies in the 
Biomedical and Life Sciences, Vol.871, No. 2, (Aug 2008), pp. 362-369, issn 1570-0232 

Meyer, R.C.; Steinfath, M.; Lisec, J.; Becher, M.; Witucka-Wall, H.; Torjek, O.; Fiehn, O.; 
Eckardt, A.; Willmitzer, L.; Selbig, J. & Altmann, T. (2007). The metabolic signature 
related to high plant growth rate in Arabidopsis thaliana. Proceedings of the National 
Academy of Sciences of the United States of America, Vol.104, No. 11, (Mar 2007), pp. 
4759-4764, issn 0027-8424 

Mittler, R. & Blumwald, E. (2010). Genetic engineering for modern agriculture: challenges 
and perspectives, In: Annual Review of Plant Biology, Merchant, S., Briggs, W.R., Ort, 
D., (Eds) 443-462, isbn 978-0-8243-0661-8, Palo Alto, California 

Moco, S.; Bino, R.J.; De Vos, R.C.H. & Vervoort, J. (2007). Metabolomics technologies and 
metabolite identification. Trends in Analytical Chemistry, Vol.26, No. 9, (Oct 2007), 
issn 01659936 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 235 


Moco, S.; Schneider, B. & Vervoort, J. (2009). Plant micrometabolomics: The analysis of 
endogenous metabolites present in a plant cell or tissue. Journal of Proteome 
Research, Vol.8, No. 4, (Apr 2009), pp. 1694-1703, issn 1535-3893 

Moing, A.; Aharoni, A.; Biais, B.; Rogachev, I.; Meir, S.; Brodsky, L.; Allwood, J.W.; Erban, 
A.; Dunn, W.B.; Kay, L.; de Koning, S.; de Vos, R.C.H.; Jonker, H.; Mumm, R.; 
Deborde, C.; Maucourt, M.; Bernillon, S.; Gibon, Y.; Hansen, T.H.; Husted, S.; 
Goodacre, R.; Kopka, J.; Schjoerring, J.K.; Rolin, D. & Hall, R.D. (2011). Extensive 
metabolic cross-talk in melon fruit revealed by spatial and developmental 
combinatorial metabolomics. New Phytologist, Vol.190, No. 3, (May 2011), pp. 683- 
696, issn 1469-8137 

Moser, I.; Jobst, G. & Urban, G.A. (2002). Biosensor arrays for simultaneous measurement of 
glucose, lactate, glutamate, and glutamine. Biosensors & Bioelectronics, Vol.17, No. 4, 
(Apr 2002), pp. 297-302, issn 0956-5663 

Mounet, F.; Moing, A.; Garcia, V.; Petit, J.; Maucourt, M.; Deborde, C.; Bernillon, S.; Le Gall, 
G.; Colquhoun, I; Defernez, M.; Giraudel, J.-L.; Rolin, D.; Rothan, C. & Lemaire- 
Chamley, M. (2009). Gene and metabolite regulatory network analysis of early 
developing fruit tissues highlights new candidate genes for the control of tomato 
fruit composition and development. Plant Physiology, Vol.149, No. 3, (March 2009), 
pp. 1505-1528, issn 0032-0889 

Mulas, G.; Galaffu, M.G.; Pretti, L.; Nieddu, G.; Mercenaro, L.; Tonelli, R. & Anedda, R. 
(2011). NMR analysis of seven selections of Vermentino grape berry: metabolites 
composition and development. Journal of Agricultural and Food Chemistry, Vol.59, 
No. 3, (Feb 2011), pp. 793-802, issn 0021-8561 

Myles, S.; Peiffer, J.; Brown, P.J.; Ersoz, E.S.; Zhang, Z.W.; Costich, D.E. & Buckler, E.S. 
(2009). Association mapping: Critical considerations shift from genotyping to 
experimental design. Plant Cell, Vol.21, No. 8, (Aug 2009), pp. 2194-2202, issn 1040- 
4651 

Nagele, T.; Kandel, B.A.; Frana, S.; Meissner, M. & Heyer, A.G. (2011). A systems biology 
approach for the analysis of carbohydrate dynamics during acclimation to low 
temperature in Arabidopsis thaliana. Febs Journal, Vol.278, No. 3, (Feb 2011), pp. 506- 
518, issn 1742-464X 

Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W.; Irimia, D.; Ulkus, L.; Smith, M.R.; 
Kwak, E.L.; Digumarthy, S.; Muzikansky, A.; Ryan, P.; Balis, U.J.; Tompkins, R.G.; 
Haber, D.A. & Toner, M. (2007). Isolation of rare circulating tumour cells in cancer 
patients by microchip technology. Nature, Vol.450, No. 7173, (Dec 2007), pp. 1235- 
1239, issn 0028-0836 

Oikawa, A.; Matsuda, F.; Kusano, M.; Okazaki, Y. & Saito, K. (2008). Rice metabolomics. 
Rice, Vol.1, No. 1, (Sep 2008), pp. 63-71, issn 1939-8425 

Okada, T.; Afendi, F.M.; Altaf-Ul-Amin, M.; Takahashi, H.; Nakamura, K. & Kanaya, S. 
(2010). Metabolomics of medicinal plants: The importance of multivariate analysis 
of analytical chemistry data. Current Computer-Aided Drug Design, Vol.6, No. 3, (Sep 
2010), pp. 179-196, issn 1573-4099 


www.intechopen.com 


236 Metabolomics 


Oliver, S.G.; Winson, M.K.; Kell, D.B. & Baganz, F. (1998). Systematic functional analysis of 
the yeast genome. Trends in Biotechnology, Vol.16, No. 9, (Sep 1998), pp. 373-378, 
issn 0167-7799 

Palama, T.L.; Khatib, A.; Choi, Y.H.; Payet, B.; Fock, 1; Verpoorte, R. & Kodja, H. (2009). 
Metabolic changes in different developmental stages of Vanilla planifolia pods. 
Journal of Agricultural and Food Chemistry, Vol.57, No. 17, (Sep 2009), pp. 7651-7658, 
issn 0021-8561 

Pichersky, E. & Lewinsohn, E. (2011). Convergent evolution in plant specialized metabolism, 
In: Annual Review of Plant Biology, 549-566, Annual Reviews, isbn 978-0-8243-0662- 
5, Palo Alto, California 

Poorter, H.; Niinemets, U.; Walter, A.; Fiorani, F. & Schurr, U. (2010). A method to construct 
dose-response curves for a wide range of environmental factors and plant traits by 
means of a meta-analysis of phenotypic data. Journal of Experimental Botany, Vol.61, 
No. 8, (May 2010), pp. 2043-2055, issn 0022-0957 

Poorter, H.; Walter, A.; Fiorani, F.; Schurr, U. & Niinemets, U. (2009). Meta-phenomics: 
Building a unified framework for interpreting plant growth responses to diverse 
environmental variables. Comparative Biochemistry and Physiology a-Molecular & 
Integrative Physiology, Vol.153A, No. 2, (Jun 2009), pp. S224-S224, issn 1095-6433 

Ramautar, R.; Mayboroda, O.A.; Somsen, G.W. & de Jong, GJ. (2011). CE-MS for 
metabolomics: Developments and applications in the period 2008-2010. 
Electrophoresis, Vol.32, No. 1, (Jan 2011), pp. 52-65, issn 0173-0835 

Rashed, M.S.; Bucknall, M.P.; Little, D.; Awad, A.; Jacob, M.; Alamoudi, M.; Alwattar, M. & 
Ozand, P.T. (1997). Screening blood spots for inborn errors of metabolism by 
electrospray tandem mass spectrometry with a microplate batch process and a 
computer algorithm for automated flagging of abnormal profiles. Clinical Chemistry, 
Vol.43, No. 7, Jul 1997), pp. 1129-1141, issn 0009-9147 

Redestig, H. & Costa, I.G. (2011). Detection and interpretation of metabolite-transcript 
coresponses using combined profiling data. Bioinformatics, Vol.27, No. 13, (Jul 2011), 
pp. 1357-1365, issn 1367-4803 

Redestig, H.; Kusano, M.; Fukushima, A.; Matsuda, F.; Saito, K. & Arita, M. (2010). 
Consolidating metabolite identifiers to enable contextual and multi-platform 
metabolomics data analysis. BMC Bioinformatics, Vol.11, (Apr 2010), issn 1471-2105 

Roda, A.; Pasini, P.; Mirasoli, M.; Michelini, E. & Guardigli, M. (2004). Biotechnological 
applications of bioluminescence and chemiluminescence. Trends in Biotechnology, 
Vol.22, No. 6, Jun 2004), pp. 295-303, issn 0167-7799 

Ruane, J. & Sonnino, A. (2011). Agricultural biotechnologies in developing countries and 
their possible contribution to food security. Journal of Biotechnology, Vol.In Press, 
Corrected Proof, ( 2011), issn 0168-1656 

Ryan, D. & Robards, K. (2006). Analytical chemistry considerations in plant metabolomics. 
Separation and Purification Reviews, Vol.35, No. 4, (Nov 2006), pp. 319-356, issn 1542- 
2119 

Saito, K. & Matsuda, F. (2010). Metabolomics for Functional Genomics, Systems Biology, and 
Biotechnology, In: Annual Review of Plant Biology, Vol 61, 463-489, Annual Reviews, 
isbn 1543-5008, Palo Alto, California 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 237 


Salse, J. (2004). New in silico insight into the synteny between rice (Oryza sativa L.) and 
maize (Zea mays L.) highlights reshuffling and identifies new duplications in the 
rice genome (Vol.38, (May 2004), pp. 396-409). Plant Journal, Vol.38, No. 5, (Jun 
2004), pp. 873-873, issn 0960-7412 

Sanchez-Perez, E.M.; Iglesias, M.J.; Lopez-Ortiz, F.; Sanchez-Perez, I. & Martinez-Galera, M. 
(2010). Study of the suitability of HRMAS NMR for metabolic profiling of tomatoes: 
Application to tissue differentiation and fruit ripening. Food Chemistry, Vol.122, No. 
3, (Oct 2010), pp. 877-887, issn 0308-8146 

Sanchez, D.H.; Pieckenstain, F.L.; Szymanski, J.; Erban, A.; Bromke, M.; Hannah, M.A.; 
Kraemer, U.; Kopka, J. & Udvardi, M.K. (2011). Comparative functional genomics 
of salt stress in related model and cultivated plants identifies and overcomes 
limitations to translational genomics. Plos One, Vol.6, No. 2, (Feb 2011), issn 1932- 
6203 

Sawada, Y.; Akiyama, K.; Sakata, A.; Kuwahara, A.; Otsuki, H.; Sakurai, T.; Saito, K. & Hirai, 
M.Y. (2009). Widely targeted metabolomics based on large-scale ms/ms data for 
elucidating metabolite accumulation patterns in plants. Plant and Cell Physiology, 
Vol.50, No. 1, (Jan 2009), pp. 37-47, issn 0032-0781 

Schauer, N.; Semel, Y.; Roessner, U.; Gur, A.; Balbo, I.; Carrari, F.; Pleban, T.; Perez-Melis, A.; 
Bruedigam, C.; Kopka, J.; Willmitzer, L.; Zamir, D. & Fernie, A.R. (2006). 
Comprehensive metabolic profiling and phenotyping of interspecific introgression 
lines for tomato improvement. Nature Biotechnology, Vol.24, No. 4, (Apr 2006), pp. 
447-454, issn 1087-0156 

Shaw, R.A.; Rigatto, C.; Reslerova, M.; Ying, S.L.; Man, A.; Schattka, B.; Battrell, C.F.; 
Matthewson, J. & Mansfield, C. (2009). Toward point-of-care diagnostic metabolic 
fingerprinting: quantification of plasma creatinine by infrared spectroscopy of 
microfluidic-preprocessed samples. Analyst, Vol.134, No. 6, (Jun 2009), pp. 1224- 
1231, issn 0003-2654 

Shepherd, L.V.T.; Fraser, P. & Stewart, D. (2011). Metabolomics: a second-generation 
platform for crop and food analysis. Bioanalysis, Vol.3, No. 10, (May 2011), pp. 1143- 
1159, issn 1757-6180 

Shintu, L.; Le Gall, G. & Colquhoun, IJ. (2009). Metabolomics and the detection of 
unintended effects in genetically modified crops, In: Plant-derived Natural Products, 
Osbourn, A.E., Lanzotti, V., (Eds) 505-531, Springer New York, isbn 978-0-387- 
85497-7, New-York 

Shroff, R.; Rulisek, L.; Doubsky, J. & Svatos, A. (2009). Acid-base-driven matrix-assisted 
mass spectrometry for targeted metabolomics. Proceedings of the National Academy of 
Sciences of the United States of America, Vol.106, No. 25, (Jun 2009), pp. 10092-10096, 
issn 0027-8424 

Skogerson, K.; Harrigan, G.G.; Reynolds, T.L.; Halls, S.C; Ruebelt, M.; Iandolino, A.; 
Pandravada, A.; Glenn, K.C. & Fiehn, O. (2010). Impact of genetics and 
environment on the metabolite composition of maize grain. Journal of Agricultural 
and Food Chemistry, Vol.58, No. 6, (Mar 2010), pp. 3600-3610, issn 0021-8561 


www.intechopen.com 


238 Metabolomics 


Smith, J.E. & Bluhm, B.H. (2011). Metabolic fingerprinting in Fusarium verticillioides to 
determine gene function, In: Fungal Genomics : Methods and Protocols, Xu, J.R., 
Bluhm, B.H.H., (Eds) 237-247, Humana Press, isbn 978-1-61779-039-3, Heidelberg 

Stitt, M.; Gibon, Y.; Lunn, J.E. & Piques, M. (2007). Multilevel genomics analysis of carbon 
signalling during low carbon availability: coordinating the supply and utilisation of 
carbon in a fluctuating environment. Functional Plant Biology, Vol.34, No. 6, (Jun 
2007), pp. 526-549, issn 1445-4408 

Sulpice, R.; Trenkamp, S.; Steinfath, M.; Usadel, B.; Gibon, Y.; Witucka-Wall, H.; Pyl, E.T.; 
Tschoep, H.; Steinhauser, M.C.; Guenther, M.; Hoehne, M.; Rohwer, J.M.; Altmann, 
T.; Fernie, A.R. & Stitt, M. (2010). Network analysis of enzyme activities and 
metabolite levels and their relationship to biomass in a large panel of Arabidopsis 
accessions. Plant Cell, Vol.22, No. 8, (Aug 2010), pp. 2872-2893, issn 1040-4651 

Sumner, L. (2010). Recent advances in plant metabolomics and greener pastures. F1000 
Biology Reports, Vol.2 (Jan 2010), pp. 7, issn 1757-594X 

Takatsy, G. (1955). The use of spiral loops in serological and virological micro-methods. Acta 
Microbiologica Academiae Scientiarum Hungaricae, Vol. 3, No. 1-2, (Jun 1955), pp. 191- 
202, issn 0001-6187 

Tarpley, L.; Duran, A.L.; Kebrom, T.H. & Sumner, L.W. (2005). Biomarker metabolites 
capturing the metabolite variance present in a rice plant developmental period. 
BMC Plant Biology, Vol.5, (May 2005), issn 1471-2229 

Tester, M. & Langridge, P. (2010). Breeding technologies to increase crop production in a 
changing world. Science, Vol.327, No. 5967, (Feb 2010), pp. 818-822, issn 0036-8075 

Thiele, B.; Fullner, K.; Stein, N.; Oldiges, M.; Kuhn, A.J. & Hofmann, D. (2008). Analysis of 
amino acids without derivatization in barley extracts by LC-MS-MS. Analytical and 
Bioanalytical Chemistry, Vol.391, No. 7, (Aug 2008), pp. 2663-2672, issn 1618-2642 

Tikunov, Y.M.; Verstappen, F.W.A. & Hall, R.D. (2007). Metabolomic profiling of natural 
volatiles headspace trapping: GC-MS, In: Metabolomics, Weckwerth, W., (Ed.) 39-53, 
Humana Press, isbn 1064-3745, Totowa, New Jersey 

Tomas, R.; Kleparnik, K. & Foret, F. (2008). Multidimensional liquid phase separations for 
mass spectrometry. Journal of Separation Science, Vol.31, No. 11, (Jun 2008), pp. 1964- 
1979, issn 1615-9306 

Trethewey, R.N. (2004). Metabolite profiling as an aid to metabolic engineering in plants. 
Current Opinion in Plant Biology, Vol.7, No. 2, (Apr 2004), pp. 196-201, issn 1369-5266 

Trufelli, H.; Palma, P.; Famiglini, G. & Cappiello, A. (2011). An overview of matrix effects in 
liquid chromatography-mass spectrometry. Mass Spectrometry Reviews, Vol.30, No. 
3, (May-Jun 2011), pp. 491-509, issn 0277-7037 

Urbanczyk-Wochniak, E.; Baxter, C.; Kolbe, A.; Kopka, J.; Sweetlove, L.J. & Fernie, A.R. 
(2005). Profiling of diurnal patterns of metabolite and transcript abundance in 
potato (Solanum tuberosum) leaves. Planta, Vol.221, No. 6, (Aug 2005), pp. 891-903, 
issn 0032-0935 

Usadel, B.; Blasing, O.E.; Gibon, Y.; Retzlaff, K.; Hoehne, M.; Gunther, M. & Stitt, M. (2008). 
Global transcript levels respond to small changes of the carbon status during 
progressive exhaustion of carbohydrates in Arabidopsis rosettes. Plant Physiology, 
Vol.146, No. 4, (Apr 2008), pp. 1834-1861, issn 0032-0889 


www.intechopen.com 


New Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology 239 


Vengasandra, S.; Cai, Y.K.; Grewell, D.; Shinar, J. & Shinar, R. (2010). Polypropylene CD- 
organic light-emitting diode biosensing platform. Lab on a Chip, Vol.10, No. 8, 2010), 
pp. 1051-1056, issn 1473-0197 

Vidal, M. (2009). A unifying view of 21st century systems biology. Febs Letters, Vol.583, No. 
24, (Dec 2009), pp. 3891-3894, issn 0014-5793 

Villiers, F.; Ducruix, C.; Hugouvieux, V.; Jarno, N.; Ezan, E.; Garin, J.; Junot, C. & 
Bourguignon, J. (2011). Investigating the plant response to cadmium exposure by 
proteomic and metabolomic approaches. Proteomics, Vol.11, No. 9, (May 2011), pp. 
1650-1663, issn 1615-9861 

Wang, Q.Z.; Wu, C.Y.; Chen, T.; Chen, X. & Zhao, X.M. (2006). Integrating metabolomics 
into a systems biology framework to exploit metabolic complexity: strategies and 
applications in microorganisms. Applied Microbiology and Biotechnology, Vol.70, No. 
2, (Mar 2006), pp. 151-161, issn 0175-7598 

Wang, X.Y.; Gowik, U.; Tang, H.B.; Bowers, J.E., Westhoff, P. & Paterson, A.H. (2009). 
Comparative genomic analysis of C4 photosynthetic pathway evolution in grasses. 
Genome Biology, Vol.10, No. 6, (Jun 2009), issn 1474-760X 

Ward, J.; Baker, J.M.; Miller, S.; Deborde, C.; Maucourt, M.; Biais, B.; Rolin, D.; Moing, A.; 
Moco, S.; Vervoort, J.; Lommen, A.; Schafer, H.; Humpfer, E. & Beale, M.H. (2010). 
An inter-laboratory comparison demonstrates that [1H]-NMR metabolite 
fingerprinting is a robust technique for collaborative plant metabolomic data 
collection. Metabolomics, Vol.6, No. 2, (Jun 2010), pp. 263-273, issn 1573-3882 

Weckwerth, W. (2007). Metabolomics. Methods and protocols. Humana Press, isbn 1-59745-244- 
0, Totowa, USA 

Weckwerth, W. (2011). Unpredictability of metabolism-the key role of metabolomics science 
in combination with next-generation genome sequencing. Analytical and 
Bioanalytical Chemistry, Vol.400, No. 7, Jun 2011), pp. 1967-1978, issn 1618-2642 

Weckwerth, W.; Loureiro, M.E.; Wenzel, K. & Fiehn, O. (2004). Differential metabolic 
networks unravel the effects of silent plant phenotypes. Proceedings of the National 
Academy of Sciences of the United States of America, Vol.101, No. 20, (May 2004), pp. 
7809-7814, issn 0027-8424 

Werner, E.; Heilier, J.F.; Ducruix, C.; Ezan, E.; Junot, C. & Tabet, J.C. (2008). Mass 
spectrometry for the identification of the discriminating signals from 
metabolomics: Current status and future trends. Journal of Chromatography B- 
Analytical Technologies in the Biomedical and Life Sciences, Vol.871, No. 2, (Aug 2008), 
pp. 143-163, issn 1570-0232 

Westerhoff, H.V.; Winder, C.; Messiha, H.; Simeonidis, E., Adamczyk, M.; Verma, M.; 
Bruggeman, F.J. & Dunn, W. (2009). Systems Biology: The elements and principles 
of Life. Febs Letters, Vol.583, No. 24, (Dec 2009), pp. 3882-3890, issn 0014-5793 

Whitesides, G.M. (2006). The origins and the future of microfluidics. Nature, Vol.442, No. 
7101, (Jul 2006), pp. 368-373, issn 0028-0836 

Williams, T.C.R.; Poolman, M.G.; Howden, A.J.M.; Schwarzlander, M.; Fell, D.A.; Ratcliffe, 
R.G. & Sweetlove, L.J. (2010). A genome-scale metabolic model accurately predicts 
fluxes in central carbon metabolism under stress conditions. Plant Physiology, 
Vol.154, No. 1, (Sep 2010), pp. 311-323, issn 0032-0889 


www.intechopen.com 


240 Metabolomics 


Wishart, D.S. (2008). Metabolomics: applications to food science and nutrition research. 
Trends in Food Science & Technology, Vol.19, No. 9, 2008), pp. 482-493, issn 0924-2244 

Wurm, M.; Schopke, B.; Lutz, D.; Muller, J. & Zeng, A.P. (2010). Microtechnology meets 
systems biology: The small molecules of metabolome as next big targets. Journal of 
Biotechnology, Vol.149, No. 1-2, (Aug 2010), pp. 33-51, issn 0168-1656 

Yu, J.M.; Holland, J.B.; McMullen, M.D. & Buckler, E.S. (2008). Genetic design and statistical 
power of nested association mapping in maize. Genetics, Vol.178, No. 1, (Jan 2008), 
pp. 539-551, issn 0016-6731 

Zhang, N.Y.; Gur, A.; Gibon, Y.; Sulpice, R.; Flint-Garcia, S.; McMullen, M.D.; Stitt, M. & 
Buckler, E.S. (2010). Genetic analysis of central carbon metabolism unveils an 
amino acid substitution that alters maize NAD-dependent isocitrate 
dehydrogenase activity. Plos One, Vol.5, No. 3, (Apr 2010), issn 1932-6203 

Zhang, Y.; Thiele, L; Weekes, D.; Li, Z.W.; Jaroszewski, L.; Ginalski, K.; Deacon, A.M.; 
Wooley, J.; Lesley, S.A.; Wilson, I.A.; Palsson, B.; Osterman, A. & Godzik, A. (2009). 
Three-dimensional structural view of the central metabolic network of Thermotoga 
maritima. Science, Vol.325, No. 5947, (Sep 2009), pp. 1544-1549, issn 0036-8075 


www.intechopen.com 


Metabolomics 
Edited by Dr Ute Roessner 


ISBN 978-953-51-0046-1 

Hard cover, 364 pages 

Publisher InTech 

Published online 10, February, 2012 
Published in print edition February, 2012 


Metabolomics is a rapidly emerging field in life sciences, which aims to identify and quantify metabolites in a 
biological system. Analytical chemistry is combined with sophisticated informatics and statistics tools to 
determine and understand metabolic changes upon genetic or environmental perturbations. Together with 
other 'omics analyses, such as genomics and proteomics, metabolomics plays an important role in functional 
genomics and systems biology studies in any biological science. This book will provide the reader with 
summaries of the state-of-the-art of technologies and methodologies, especially in the data analysis and 
interpretation approaches, as well as give insights into exciting applications of metabolomics in human health 
studies, safety assessments, and plant and microbial research. 


How to reference 
In order to correctly reference this scholarly work, feel free to copy and paste the following: 


Gibon Yves, Rolin Dominique, Deborde Catherine, Bernillon Stéphane and Moing Annick (2012). New 
Opportunities in Metabolomics and Biochemical Phenotyping for Plant Systems Biology, Metabolomics, Dr Ute 
Roessner (Ed.), ISBN: 978-953-51-0046-1, InTech, Available from: 

http://www. intechopen.com/books/metabolomics/new-opportunities-in-metabolomics-and-biochemical- 
phenotyping-for-plant-systems-biology 


INTECH 


open science | open minds 


InTech Europe InTech China 

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai 

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China 

51000 Rijeka, Croatia FP R)_b er ER Pe PROS 5 OAE BBA IE E405 BT 
Phone: +385 (51) 770 447 Phone: +86-21-62489820 

Fax: +385 (51) 686 166 Fax: +86-21-62489821 


www.intechopen.com 


© 2012 The Author(s). Licensee IntechOpen. This is an open access article 
distributed under the terms of the Creative Commons Attribution 3.0 
License, which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 


